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• CALCULATION OF TUBULAR RADIATORS OF THE AUTOMOBILE TYPE.* 

By L. Richter. 

The cooling capacity of automobile and airplane radiators 
has, hitherto, had to be determined ^experirpentally for each par- 
ticular type and, indeed, for every change in the dimensions 
and in the velocity of the air, since, in spite of valuable re- 
searches, no reliable general method of calculation was known.** 

We propose to show how to calculate the cooling capacity 
of all radiators through which the air flows in separate stream- 
lets, whether enclosed in actual tubes or not and whatever 
cross-sectional shape the tubes may have.*** The first part 
will give the fimdamental principles for calculating velocity 
of the air in the tubes and the heat exchange by radiation, 
conduction and convection, and show, by examples,, the agreement 
of the calculation, with experiments,**** In the second part, 
the effect of the dimensions and conditions of operation on 

the h e at ex ohan g e will be systematically^ investigated.. 

* From "SextBchxxft fur angewandte Mathamati.k und Mechanik, " 
August, 1925, pp* 293-313. 

** Pxilz, "Kuhlun^ und Kuhler fur Flugmotoren , " Berlin,. 1920; 
"Praetorius, "Die Kuhluncr laichter Verbrennunersmotoren," Berlin, 
19S1. ' .. 

*** "Pulz, above reference, p«73,. According to this definition, 
the following investigation also includes the so-called ribbed 
or gilled radiators.. 

**** This section, contains the essential portion of the writer's 
graduation dissertation at the Dresden Technical High School. 
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CALCULATIOH PRINCIPLES AND EXAMPLES. 

1, Velocity of the air in the radifttor ^- The radiator is 
supposed to be subjected to an air stream of the same cross- 
section as the face of the radiator and flowing everywhere paral- 
lel to the axes of the air tubes. The ang-le between the air 
stream an5 the radiator face is assumed to differ but little from 
a right angle. If 

Fst is the area of the radiator face in m.^, 
Fe is the total free cross-section of the air intake , 
^1 » Fg-.^.F^ is the total free cross-section of the inside 
air passages at different distances from the radiator face and 
if 

Fa is the total free cross-section of the air exit, then 
the air permeability of the radiator is represented by the- ratios 

cPe = Fe/Fgt, % = F^/Fst and <Pa = Fa/Fgt. 
The radiator consists of n like tubes of . the length I (in m) 
and of either constant or variable cross-section and is charac- 
terized by the interior cross-sectional area f and its circum- 
ference u or the equivalent diameter, 

d = 4 f/u fl) 

The latter is rreasured in mm, unless otherwise stated and is, for 
the circular cross-section, equal to the oreometric diameter. 
For a square cross-se ction, d equals one side of the square. 
The free air stream in front of the radiator has the rela- 
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tivo velocity Wf . The air in the entrance cross-section has 
the mean relative velocity Wg. In the cross-sections , Fg , 
■•••^n' ^a behind the radiator, the air stream has the re- 

spective relative velocities , W3 . . .W^, Wg^- and Wj^, all 
measured in m/s. The disturbance of the flow by the fan, en- 
gine and other obstructions, either in front of or behind the 
radiator, which are difficult to determine mathematically, was 
disregarded, as likewise any negative pressure behind the radi- 
ator due to the manner of installing. 

The energy of the air stream, in front of the radiator is 
partially lost during the entrance, passage through the radia- 
tor and exit and is partially retained in the emerging air 
stream. For 1 leg of air, we accordingly have* 

Furthermore, we have the continuity equations 
We = = (<P,/sPe)W,, Wa=(F,/Fa,)W, =('P,/cPa)W, 



(3) 



from which we obtain 



(4) 



a. 



Only approximate, because it is assumed that the static -ores- 
sure m the free air stream before and immediately behind the 
radiator is the same- The later examples demonstrate the cor- 
rectness of this assumption. 
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and also the values of and % . . .Wn. 

For tubes of constant cross-section 

= = = ^^n = Fa = F 

9 c,- ^ - - q) _ rp _ cp _ rn 

^ ^ ^ ^ " a- and therefore the 

passage velocity 

W 

W = -y= r~ ^ - _ (4a) 

v' + 2g p l/d + + 

The- coefficients t,-^ and Ca for a sudien contraction or 
expansion (Hiitte I, 34th edition, pp. 376 and 380) and cp^ for 
the energy of the air behind this radiator, as likewise the sum 
^e, ^a 3-^® combined in Fig, 1, 

We have, according to Fritzs che,* 

3 = 6.02 d iy W) (5) 

in which 7 denotes the mean specific gravity of the air in the 
radiator in kg/m . By introducing this and g = 9.81 into for- 
mula (4a) we obtain 



W = ; ^ (4b) 

Ca + + 118.1 (T W)-*"'" d-'"''l 

* Hutte I, 24th edition, p. 536. According to this, we have, for 
the pressure loss in meters of the fluid colw.n, h = 3 l/d 
with d in mm, I in meters and W' in m/s, while, for smooth 
tubea, we would have h = l/D with D in cm, I in m, v 

in cra/s, g in cm/s^ and X = kf^^ with the kinetic viscosity 

VVD / 

u in cm^/s. 

For like tube dimensions and pressure losses, we would thus ob- 
tain X = 0.01962 3 . 

According to Blasius Ombeck Froirm 
A =, 0.316 0.242 0.399 
n = 0.25 0.224 0.27 

(Gont. on next page) 
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The specific gravity of the entering air may be substituted 
for 7 v/ithout serious error. In the first approximation, W 
may be substituted for Tif^' and the value of \V be calculated 
from formula. (4), (4a) or {4b). By putting the value thus ob- 
tained under the radical again, we obtain the value of W. 
with sufficient accuracy. 

In Table I, according to foreign experiments,* the values* 
for the velocity W in the radiator tubes, as obtained from 
the velocity of the air behind the radiator and the continuity 
equation W Wj^ : cp., are compared with the values obtained : 
from formula (4) and show a good agreement with the experi:nents. 
The greater deviation in line 19 (16^^) is probably due to the 
transition from vortical to laminar flow and in line 22 {l9*&fo) 

to an experimental error . 

(Continuation of footnote from p. 4.,) 

For comparing the different formu.las, X, or 0.01963 P is plot- 
ted in Fig. 2 for a tube of 6 mm diameter at an air pressure of 
755.5 mm Hg, 30^0, specific gravity 7 = 1-13 kg/rrP and a Ici- 
netic viscosity 1; = 0.165 for air velocities between 2 and 
50 m/s. Velocities of less than 5 m/s, however, lie below the 
critics.1 velocity. 

The diagram demonstrates that the loss by friction may be 
characterized, . according to Fritssche's formula, as that of a 
slightly rough tube, whereby the approximation to a quadratic 
function of the pressure loss is characteristic of the Vjtplocity, 
as was oJ.so found in Fromm*s cxxocrimcnts ( "Zcitschrif t fur ange- 
wandto liitheniatik und licchanik," 1923, p. 339). This was also 
(together with the convenience of the formula and the good 
agrc::mcnt of the values obtained by its use for the velocity in 
the -tubes with the experimental results) the reason why it was 
retained in spite of trxcorotical deficiency (See Frpmm, above 
reference, p. 343), since, moreover, the "roughness" could not 
yet bo determined numerically. 

* Von poblhoff, "Unt or sue hung von Automobilkuhlern" in 'Uiitteil- 
ungon liber Forschungsarbeitcn, " No. 93, a report on radiator ex- 
periments at the Vienna Engine Works. 
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The derived data, in fact, apply accurately only to a vor- 
tical flow. Fig. 3 shows, for air at 1 atm. and 20^0 in tubes 
of different diafneters, the critical velocities (Kiitte I, 24th 
edition, p. 536), below v/hich we rnay expect deviations from the 
calculated values, although on account of the shortness of the 
tubes, the vortices in the inflowing air cannot yet come to 
rest. The velocities in automobile radiators probably lie, 
however, mostly in the region of the vortical flow, so thc?vt the 
given equations may be used without hesitation. 

2. Heat transference by radiation *- How the order of magni- 
tude of the ratio of the radiated heat to^ the total amount of 
heat transferred can be determined, will be shown with a Daimler 
V radia.tor-, 200 mm deep* which v/ill also be used further as an 
exampl e. 

From a surface element d F, there will be transferred, 
by radiation per unit of time, the heat 

CL Qst = 0 [ (Tw/lOO)'' - (To/100)^] d Bi (5) 

1/c = 1/G, + (l/Cb - 1/C) ^ (7) 

F 

wherein, according to Nusselt,** 



* Vic:ina Engine Works (See Pulz, TDrcvious reference, t).44, and 
"Hotor.7C.gen," XXIIl/7, 10. 

** Nusscit, "Der •Yarrne^^.bergang in dcr Gr.smr.s chine" in "Mittoil- 
ungcn "ilbcr Forschungsarbeitcn, No. 264, p. 7. 
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is the coefficient of radic.tion of the heat-giving booiy, 

is the coefficient of radiation of the surrounding meo-iuni, 

C is 4.7, the coefficient of radiation of the absolutel^^ 
black body, 

ZT^ is. the radiating surface, 

F3 is the surface receiving the radiations. 

Tttf' is the absolute temperature of the radiator v/all, dependent 
on the position of -the surf ace element , and 

Tq is the absolute temperature of the surrounding medium. 

T^Y is, at most, equal to the temperature of the circum- 
fluent v/ater. For the approximate co,lculation of the heat ro.di- 
ated from the lateral, front and inner surfaces of the tubes, 
on the assur;iption of a linear temperature fall in the direction 
of the water flow, ^ve put 

Tt^j is "ti"!- entrance temperature of. the water, 

e = ^ WP; " ^W A (9) 
h 

the temperature drop, 1);^^ the exit temperature of the water, 
h the height of the radiator or (in radiators in which the 
water does not flow vertically) the distance between the en- 
trance c'nd -exit and y the vertical distance between the given 
surface element and the water entrance- 

If we introduce ecruation (3) -into equation (6) and inte- 
grate b;:twoen 0 e^nd h, . we then obtain, for radiators with rec- 
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tangalar front and uniform depth,, tho total heat radiated from 
surfaces with variable temperature 

If we imagine the radiator, surrounded by a relatively 
large sphere, then some parallel of tho spherical surface Fg 
will closely correspond to each portion of the outer surface of 
the radiator. On the other hand, however, tho radiation from 
the tubes, through their own walls, is limited. 

To the surface clement d f , = u d x (Fig. 4), there cor- 
responds only a fully capable radiation element d f ^ j = 
sina d fj, which radiates through an end section on to a par- 
allel element of the sphere in such manner that the maximum 
angle a is given by the distance d of the portion of the sur- 
face from the opposite surface and the distance x of the sur- 
face element from the front wall of the radiator: 

°- ■ (11) 

,/^^ d^ 

i 

By integration over the length of the tube, whereby the 
value, corresponding to the two openings of tho tube, is to be 
introduced double, wo obto.in, as the equivalent radiating sur- 
face' for the core consisting of n tubes, 

^ni ^ ^n " ^ "tan t/d (13) 
On the radiator "Daimler V, 300 mm deep," the upper surface, 
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0.48 5 X 0.3 = 0.097 m^, at a constant absolute wall temperature 
of 349.4^, radiates, according to equation (10) with - 1.5, 
Ca = 4.7 (the "surrounding medium" being considered as absolutely 
black) and at a temperature of 293^ absolute, 11.3 kg-cal/h, 
while the lower surface radiates S.3 kg-cal/h a-t a constant 
absolute wall temperature of 337.9^. 

The equivalent tubular surface was calculated from equation 
(12) to lo'B 1*17 m^, while the heat radiated by it was calculated 
as for the lateral surfaces of 2 x 0.28 x 0.2 = 0.112 and for 
the radiating portion of the frontal surfaces 
2 (1 - cpg) Fg^ = 0.079, from equation (lO) with 

h = 0.280 m and 6 = ^^'^•^ ^^J?'^'^ = 41 

to amount in all to 135 kg-cal/st""^ . 

The total heat radiated therefore amounts to 

11.1 + 8.3 + 135.1 = 154.5 kg-cal/h. 

With the above limiting value C;, = 4.7, the radiated heat is 
478.5 kg-cal/st^", which is about l.sfo of the e-mount trans- 
ferred by conduction and convection. 

5. Heat transmission by conduction and convection .- The 
heat Qji tr^Lnsmitted by conduction and convection through the 
wall betv;een the water and the air can be approximated by 
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k F 2 M 8 m 



k F 



M 



with 



V F k F 
1 + tt-t; + - 



2 M 2 m 



(13) 



?/hen both fluids o.xo heated by a temperature difference, which 
is siifr..ll in comparison with the difference between the mean tem- 
peratures (mean between entrance and exit temperatures) on both 
sides of the separating walli* Hero ty^g and tj^-^ are the en- 



trance temperatures of the water and air in degrees centigrade; 
M and m, the water equivalents in kg-cal/h/^C of the quantities 
of air 3/nd water flowing through per unit of time; F, the 
radiator surface in m^; and k, the coefficient of heat con- 
ductivity in kg-cal/h/m^/degree • 

For great temperature changes in the fluids ^ equation (l5) 
must be replaced, by the equation developed by Nusselt for heat 
transmission in the cross-current. With our previous symbols 



with 



1 6 y=^^ 



kF 



m M 



M ^ 



(14) 



(15) 



Here e is the basis of the natural logarithms and Ji is the 
Bessel function of the first kind and order. By introducing 



See footnote next page-' 
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equation (15) into equation (14), we obtain 



Qjj-M(tY/2-tL5;) 



M m 



dx 



(16) 



Table II. 

Correction coefficient q = %/% for taking the cross-current 

into account. 



kF/M 


KF/m= 


0.0 


0.5 


1.0 


2.0 


5.0 


10.0 


15.0 


0.0 




1.0. 


0.984 


0.948 


0.865 


0.695 


0.600 


0.567 


0.3 




0.997 


0.986 


0.960 


0.903 








0.5 


q = 


0.984 


0.979 


0.968 


0.923 


0.690 






1.0 




0.948 


0.940 


0.938 


0.916 


0.744 






1.5 




0.908 


0.907 


0.902 


0.891 


0.776 






3.0 




0.865 


0.863 


0.868 


0.861 


0.838 


0.732 


0.644 



From Table II for 



0 < M 15 and 0 < < 2 



the value of the proportionality factor 

q = = Ik 
Qn % 



(16a) 



is to be taken, so that also, according to equation (14) the 
calculation is simplified. 

In the coefficient of heat transmission 



k = 



(17) 



a 



(♦Footnote from p. 10.) 

I'lussclt, "Der W^rrneubergang im Kreuzstrom," Z-d.V.d.I. 1911, 
p. 2021. The approximation equation (35) applies to the case 
v/hen only the temperature of the air, but not of the water in 
the tubes, increases or decreases linearly in the direction of 
flow. 
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in which a^^ and 0^^ cLc'^iote the coefficients of heat transi^iis- 
sion on the' wall for air and water; F^, the radiator surface 
in contact with the air; F^^, the radiator surface in contact 
with the water; and Fj,, a reduced radiator surface determined 
by the geometrical shape of the wall. a/\ (a the thickness 
of the wall and X the coefficient of heat conduction of the 
wall), under the existing relations with resioect to l/a. and 
l/a*5^, is very small and may be disregarded. 

In the case of iron, that is, vath X = 60 and with a wall 
thickness of 0.1 - 0.3 mm 

a/\ = 0.00166 X 10"^ to 0.005 x 10~^, while 
l/cLj^ lies between 1 and 6 x 10"^ and 
l/a^^ lies between 2 x 10"^ and 0.5 x 10"^. 

According to Nusselt,* the mean coefficient of heat transmission 
for gases in the tubes, in a vortical flow, at the velocity W, 

cxl^ = 22.60(WD) (D/0°-°"*(5%%^y^' (18) 

m ' 

in kg-cal/ra2/h/°0 . Herein the equivalent diameter D is to be 
given in meters. 

If we assemble the like members and if we fix the specific 
heat for 1 kg of air between -30°0 and 70*^C under constant pres- 
sure at 

^pra " ^'^^^ kg-cal/kg/°C 

* Kusselt, "Der Wilrmeuberganr: im Rohr., " Z.d.V.d.I. 1917, -o.Qse. 
Hiitte, 34th edition, I, p. '459. 
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whereby the error amounts to plus or minus one to two thousandths, 
then 

■ a^j^^ = 23.23 X^e. 3 14 ji-o. 160 j-o.o54(w K^)"'''^^ (18a) 

wherein d is to be put in millimeters. Theoretically, the 
values for the coefficient of heat conduction \^ and the spe- 
cific gravity \^ should be taken at the mean temperature of 
the air and walls- It is sufficiently accurate, however, for 
the first approximation and often also for the- final value, to 
take it for the temperature "^T , ,?: + ^WF . 

The heat transmission on the lateral surfaces* can "be cal- 
culated, at an atmospheric pressure of 752 mm Hg, a wall temp- 
erature of 50^.0 and an air temperature of 30*^0^ from 

6-14%°*''^+ 4.60 e^* ^ Wf kg--cal/rrP /h/OQ ■ (19) 

wherein is the wind velocity in m/s and e is the basis 

of the natural logarithms • Any change in this coefficient of 
heat transmission, due to changes in temperature, may be dis- 
regarded in the present calculation, since the corresponding 
surfaces are relatively small- 
The formula 

% = O.0S7O ^^^-273 + D Pm f^^^ (20) 

for cooling a cylinder by means of an air stream perpendicular 

to the axis ,** is to be used for the heat transmission on the 

**Nusselt, "Die Kuhlung eines Zylinders durch einen senlcrecht 
zur Achse stromenden Luftstrom," "Gesundheits-Ing. 1932, p. 97. 
*Nusselt, "Die Kilihlung einer ebenen Wand durch einen Luftstrom" 
in "Gesundh. Ing." 1922, p. 641. 
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front surface of a radiator having tubes with rectangular cross- 
sections at their ends because the flow around the ends of the 
thin partitions between the air passages has a certain similari- 
ty with the flow around a cylinder having a diameter equal to 
the thickness of the partitions. Errors in the value of cc, 

L 

for the sides and front surface have, moreover, but little ef- 
fect on the final result since these surfaces are small in coia- 
parison with the total inside surface of the tubes. 

In equation (20), D is expressed in meters. The mes-n 
density = 71^/9. 81 and the viscosity of the air is 

ri = 2.41 X 1 0~^ /~ , / /' /ON 

. 4. 117 /iTS^'^/^/^ (21) 

T 

With regard to the differences in the velocity of the air 
before and behind the radiator, it is advisable, in calculating 
the coefficient of heat transmission according to equation (20), 
to use the velocity W in the tubes. From the thus- calculator 
heat- transmission coefficients ^^-^ "the corresponding areas, 

it is advisable to obtain, before introduction in k, the 
mean value 

"Lra - 21 F 

The effect of the portion of the cooling surfaces not in 
contact with the water is to be disregarded. It is evident from 
Fig. 5, a section through adjoining tubes parallel to the front 
surface, that the heat transmission can be compared to the case 
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of a piate v/ith uniform temperatures t^ in the end sections. 
For a plate thickness a, which is small in con^iarison with d, 
we obtain from 

^ - 3 a (t - t^) = 0 (22) 
dx^ 

in which t denotes the temperature in the given cross-section, 
t^ the temperature of the air, x the distance from a wall, 

the coefficient of heat transmission and X the coefficient 
of heat conduction, 



' ' ' ^ / 2a ^ /3a , /2a _ /2a 
A_e V XaN.eVXi:_(^i_e'^V"^e VXa J 
/3.a \ > ^ ^ . 



%-*L 2 sind^/rl 
and, for the mean value of the wall ten?)erature tj..^, 

t^ - tT, _ 2 (cos cp - 1 ) 

with , } 

. = d.yi^ j (34) 

The -value 6 = "^ni " "^L can be used as a reduction factor 
for the unwet cooling surface and is^to be taken from Fig. o. 

The T?idths of the sides of the tubes lie between 4 and 10 
mm, the wall thicknesses between 0-1 and 0.3 mm and the cooling 
effect of the intermediate cooling surfaces is only slightly 
less It values for a^^ < 150 a.nd the given widths of the iivne- 
diate coolinc surfaces (in contact - ith water). This differs 
from Puis on p. 83 of the reference already given. 
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Since Schiller ("Ucber den Stroimings^/ziderstand von Rohren," 
Z.f.angeu. Math, und Mcch." 1923, p. 9) sho^;7S that lar/s of flow 
for cylindrical tubes, after the introduction of the equivalent 
diameter d = also hold true for square tubes with- very 

different side v/idths and the laws of heat transmission are in- 
timately related to those of flow resistance, it will not scrcm 
too bold to use the formulas of Sonnccken ("Mitt- uber Forsch- . 
ungsarbeiten,'' Nos . 108-109) for the heat transmission of water 
in rough cylindrical tubes 

a,^ = 735 (1 0.014 ti) , (25) 

in which D is the tube diameter in m, w the mean water 

velocit3/ in m/s, and the -^all temperature, also for heat 

transmission in radiators, where the water passages are long 

narrow rectangular tubes- of the length I and vridth g. In 

this case D = f ^ ^ ^ and, for l^g, 
5(l+g) 

D - 2 g (26) 

Hov/ovcr, in radiators whose air tubes are surrounded on 
all sides by water, the coefficient of heat transmission for * 
W3.ter can be only estimated or determined from experiments, e.g., 
those of Doblhoff , in the following manner. If t^^ and t-^ are 
the mean wa.tcr and air temperatures on both sides of the wall, 
whose mean temperatures, on the water and air sides, are re- 
spectively, tx and ts , then the transmitted heat, known from 
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the experiments, is 

Q=0(,^F (t,^-tj) = (\/d)Fred(*a-*3) = VL(t2-*L)=k FLCty^-tL) (26) 

In our cases, \/d is always very great and t^ - tg con- 
sequently very small, so that t^ approximately equals tg and 
either one may be considered as equal to t. The ?/all surface 
F, , in contact with the air, is approximately equal to tlie sum 
of F^^ (in contact with the water) and Fjj (not in contact 
with the water). With calculated cx^ we find 

t = tr + _Q — 
^ dj. F 

and the desired coefficient for the transmission from the \mtor 
to the tubes 



0^. = ^ (27) 



% ("tw - 

For Iv^ - Fj^ 



Tho arithmetical mean between the inflow and outflow temp- 
eratures pro to be substituted for the tciapcra.tures ty/ and tj,. 
In what follows, the values of ay (from equation (27)) is 
used for comparison with the valu:; c?.lculated from equation 
(35) . 

The water equivalent of the air passing through the tubes 
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= Gl " ^ ''^i '^m -^^^^ 

is to be imltiplied by ^ — ^ ^—^ 

n u I 

in order to obtain the total value including the share of the 
outer surface- 

'.ftoo IV TT n u + 2(b + h) (Wf/W) 
m = 3600 ^ (28a) 

The mean, value for inflovr and outflow, or approximately at 
first the value of the inflow temperature. After a more accu- 
rate calculation of the total transmitted heat Q and therewith 
the outflow temperature, Yj-^ and Q are to be corrected. 

4. Exam-pies and compo^rison with exDcrimonts . 
a) Daimler V. 200 mm deep -- Table I gives the dimensions 
of the radiator. 

= 38.8 m/s, velocity of air in front of radiator, 
tLE 25.8^0, temperature of air in front of radiator, 
G = 4030 kg/h, qur.ntity of water flowing through, radiator, 
*WE 76.43^0, temperature of inflowing water, 
7^ = 1.16 kg/m^, specific gravity of air in front 'of radiator. 
From equation (4b) v/c obtain 

■ V/ = 25.1 m/sec- 
as the velocity of the air in the radiator. The temperature for 
the heat transmission to the air in the tube is approxiiTiatcly 

put at "^T.T. + ty/TT - si.i^Q axid the corresponding specific grav- 
2 

ity accordingly at 



N.A.C.A. Technical Memorandum No. 344 19 

= 1.16 273 25.5 = x,07 and 7^ W = 26.9. 
273 + 51.1 ^ 

With = 0.448, r^-o^* = 1.091, d^' 0.759 

and (7j^W)°* '^®^= 13.26, we obtain, according to equation (l8a), 
for the inner surface 

^Ll " 109.5 kg-cal/m^/h/^C 

The inner surface, cooled by direct contact with the air, 
is 6.82 m^, while the same area indirectly cooled and mltiplied 
by the reduction factor 9 = 0.983, for which = 110, 

1 = 100, hence ^ = 1*1, is 6.71 m^, thus giving a total 
area of 13-53 m^. For the outer surface of 0.307 at 

V/s = 38.6, . aj^2 = 105.5- For both frontal surfaces, with web 

2 mm and 0.86 mm v/ide, and 0.055 m^ and 0.0238 m^ total area, 
^L3 ^-'■'0 ^-^^ W ^ 25-6. The mean value for 

= 109.9. The water flows through 64 rectangular 

ZF ^ ■ 

compartments of about 1.6 x 195 mm (with a \xniform diameter 
2 X 1.6 = 3.2 mm) in a total cross-section of 2 d with 0.56 
m/s. Approximately ti = ^LE '^WE, so that, with 

ets^Y = 1100 approximately t^^ = 71.5^G. 

From equation (25) we obtain a:!^ = 1120. According to equa- 
tion (17), the coefficient of heat passage k = 92.4 and 
IcF = 1404 and the water equivalent of the passing water 
M = 4030 Icg-cal/. h/^0. For air, according to equation (28a), 
m = 2510, ^ = 0.321, ^ = 0'. 516 and approxim8.tely (from 
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equation (l3)) K^^ = 0-236 or, more . accurst el.y, for a cross-, 
current by maltiplication by " q = 0.99, Kq = 0.224 and (from 
equation (l6)) the total transmitted heat Q^^ = 45300 kg-cal/h, 
from which follow the air and water exit temperatures 

Generally this approximation suffices. More accurate val- 
ues can be obtained by a recalculation in the following manner, 
using the numbers obtained in the_ approximate calculation. 

The moan air toiipcrature tj^jj = "^LS , ^ "^LA 

The mean water " t.r^ = — 

The mecn wall "^i ~ ^'^'5 

from which wc obtain the mean tcniperature J^'^ ' ^ = 51.2°C 

3 

(above approximately 51. l) decisive for the calculation of the 
coefficient of heat transmission, 7^^^ = 1.07 and = 109.9 
(as above), = 4120 x 0.156 x 1.946 = 1080, k = 92, 
kF = 1292 and M = 4030 (as above). On the contrary, we now 
obtain for the air in the tube . T„i = .1.125 and o-ccordingl:/ 
in = 3430, 0.321,. Ml = 0.532, ' K^^ = 0.235, Kj, = 0.223 

and the total transraitted heat Q|.. - 45500 kg-ca.l/h. In the. 
experiment, the temperature of the outflowing ?/ater was S4.9°C, 
which gives a toto.l transmitted hoat 

Q = (76.43 - 64.9) x 4-030 = 4S500 
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which differs by only 2.1>» (radiation and error) from the cal- 
culated result. 

As determined, according to equation (27), from calculated 
value of a^^, as likcv/ise from the transmitted heat Q and 
the meo.n v;ater and air temperature, o^r = 1140 and accordingly 
agrees well with the result calculated from equation (25) • 

b> Dr. Zimmerman^ s radiator (Doblhoff^s experiments ) 
The calculation corresponds perfectly to example a), except- 
ing that the law for the transmission of the heat from the wa- 
ter to the round tubes has to bo derived, for the lack of other 
sources, from Doblhoff's experiments according to equation (27). 
These experiments did not render it possible to establish the 
law in the sense of Nusselt's ("Das Grundgesctz dcs T/armeuber- 
ganges" in "Gesundh, Ing." 1915, p. 477), but the equation 

Oyj = 90 (2.5 + w)°'^(l + 0.008 t) (29) 

can generally be used, in which V/ is the velocity of the 
water in the. unconst rioted cross-section and t the mean be- 
tween the temperature of the water and the wall. These c-an be 
accurately .ascertained for tube diameters of 5-8 mm, usually 
emploi^ed in radiators, and for a temperature range of 40-90^0; 
In their order of magnitude, these coefficients of heat trans- 
mission agree with the values of equation (25). 
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TABLE I* 

Experimental and Calculated Data. 



Mo . 


T 

J. 


2 




4 


5 1 6 


1 

2 


V 
V 


Source 

Experimental number of 
1 the source 


c 

i 

- 


Reports on radia- 
tor experiments 
by the' Vienna 
Engine 'floifks 

7 ! 7 I 7 


3 


V 


Source and type of 
1 radiator 


- ( 


Daimler V 
200 mm deep 


4 


V 


Outside dimensions of 
\ radiator, h x b x I 


vmm 

LLllU 


280 


X 485 X 200 


5 


V 


Frontal area b x h 


m2 




0.1358 


6 


V 


p-osabex, cross-section 
\ and length of tubes 


mm 1 


3015 X 5.65 
X 5.65 X 200 


7 


V 


Thickness of wall 


mm • 




0.17 


8 


R 


Equivalent diameter d 


mm 




5.65 


9 


V 


ffotal free cross-section 
1 of air intake 


m^ 




0.0965 


10 


V 


jTotal free cross-section 
{ of inner air passo-ges F^ 


m^ 




0 . 0965 


11 


V 


flotal free cross-section 
\ of air outlet Fq^ 

|Air permeability at intake 


m2 




0.0965 


12 


R 


/ CO ^e 

-^^ St 

[Air permeability within 






0.711 


13 


R 


/Air permeability at outlet 






0.711 


14 


R 


" Fst 

1 






0.711 
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TABLE I (Cont.) 

Sxperirnental and Calculated Data. 



Ko.i 

— \- 


r 

li 
-4 


2 


3 


4 


5 1 


5 


15 


V 


jinner surface of tubes, 
\ in contact with water 


ins 


« 




6.84 




lo 


Y 


[Inner surface of tubes, 
i not. in' contact with 
I v/ater 


ni? 






6.80 




1 7 

J. r 


V 

V 




III 






0.307 


18 


V 


/Broad strips of frontal 
I surface - width:area 


mm/ m^- 




2/0.055 


19 


V 


rNarrov/ strips of frontal 
\ surface - width: area 




0.86/0.024 


20 


V 


1 (not reduced) 


m^ 






14.03 


21 


7 


fFrec cross-sections of 
I water passages (mxi- 
\ muni) 




64 


X 1.5 


X 190 . 


22 
23 


R 


/Equivalent diameter of 
\ v/atcr passages d^j:; 


mm 






3.2 




24 


V 




"Tirin Ho* 


745.3 


745.3 


745.3 " 


25 


V 


^' X Oiiip CxCL 0 U.X C Ux J,iiX X w Vv JL Xi^ 

I air t^j; 




25.8 




25.5 


23.5 


26 


V 


jTemperature of inflowing 




76.4 




76.7 


76.4 


27 


V 


j Difference in inflo?/ tern- 
i perature tup - tr 


Co 


50.6 




51.2 


53.1 


28 


R 






51.1 




51.1 


49.4 


29 


V 


rDensity of inflowing 
V air 7 


kg/rrP 


. 1.160 


1.160 


1.175 


30 
















31 


V 


jAir velocity before radi- 
1 ator 


m/s 


38.6 

1 




32.6 


27 



N. A . C . A . . T cohnical McmorandurA Ko . 344 



24 



TABLE I (Contd.) 
Expcriniontal and Calculat ed Data. 



No. 


1 


2 


3. 


4 


5 


6 


32 


V 


fAir velocity/ 'bcliind 
1 ro-diator ?/£ 


m/ s 


17.5 


14.9 


11.9 


33 


V 


(Mean a.ir velocity in 
\ the tubes Wy 


m/ s 


24.6 


21.0 


16.8 


34 


R 


/Mean sAx velocity in 
J the tubes, calculated 
\ from eq. 3, 3a and 3b 


m/ s 


25.1 


21.0 


17.2 


35 


R 




— 


102.0 


100.0 


102.5 


36 


R 


/Coefficient of heat 
J transmission for air, 
I inner surface o.-^^ 


kg-cal/m^/h/gr 


109.5 


95.2 


81,2 


37 


R 


rRpduntiOTi fart or "Por 
\ unwet inner surface f 




0.990 


0.992 


0.893 






/Area of reduced inner 
1 surface 


Hi 


13 . 52 


13. 54 


13. 55 


39 


R 


/Coefficient of heat 
i transmission, jacket 
^ surface cc^g 

.Coefficient of heat 


kg-cal/ir^/h/gr 


105.5 


92,5 


80.0 


40 


R 


j transraission, for 
1 broad strips of 
^ frontal surface <^l3 


kg-cal/mP/h/gr 


310 


281 


258 


41 


R 


.Coefficient of heat 
1 transmission, for nar- 
j row strips oi ironxai 
^ surface ^^^4 


kg-cal/ms/'h/gr 


. 480 


415 


58 5 


42 


R 


^Mean coefficient of 
\ heat transmission for 
K air cij. ~ 2aF 
^ ZF. 


kg-cal/ m^/h/ gr 


109.9 


95-8 


82.3 


43 


R 


jMean wall temperature 




67.5 


72.7 


72.7 
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TABLE I (Uont.) 
Experimental and Calculated Data* 



No. 


1 


2 


3 


4 


5 


6 


44 


R 


(hlGQ.in. tentpexature of 
j rnarginal ;vater 

( layer 'ti+'tW 

2 




- 


- 


- 


45 


R 


/Mean coefficient of 
J heat transmission 
\ for water from 
( eq. 25 and 29 cxg 


kg-cal/m^/h/gr 
• 


1090 


1140 


1140 


46 


V-R 


^Ditto according to 
) eq- 27 from exper- 
( iments Q-^inr 


kg-cal/ra^/h/gr 


1140 


987 


1125 


47 


R 


jMean coefficient of 
\ heat transmission k 


kg-cal/m^/h/gr 


93.0 


82.3 


72.2 


48 


R 


. k F 


- 


1292 


1154 


1022 


49 


R.j 


(Water equivalent of 
\ the. wn: tor M 


kg/h 


4030 


4010 


4010 


50 


R 


/Density of air at 

I "5" { t,T T?"^ twT? ) 


kg/in^ 


1.070 


1.068 


1.078 ■ 


51 


R 


fMean density of air 
\ ti^LE'^'^LA^ 


ke"/ 


1.125 


1.128 


] .140 


52 


V. 


Velocity of water 


mm/ s 


57.0 


56.2 


56.2 


53 


R 


rWa t e r en u ival ent o f 
j the air m 


kg/h 


2430 


2042 


1692 


54 


R 




* 


0.321 


0.288 


,0.255 


55 


R 


m 




0.532 


0.564 


0.604 


56 


R 






0.225 


0.202 


0.1785 


57 


R 


% 




0.223 


0-201 


0.1773 
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TABLE I (Cont.) . 
Experimental and Calculated Data. 



No. 


1 




2 


3 


1 

4 


5 


6 


58 


R 


rTota,l 
] heat , 


transmitted V 
calculated \ 


-^^kg^al/h 


^45500 


41200 


37700 


















59 


V 


(Total 
\ heat, 
I went 


transmitted 
by experi- 

Qv 


kg-cal/h 


46500 


41500 


37600 


60 


R 


■ 100^ 

Qv 






97.9 


99.1 


100.3 



V stands for "Versuch" (experiment). 



R stands for "Rechnung" (calculation). 
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TABLE I (Cont. • 
Experimental and Calculated Data- 



No. 


1 


2 


» 

3 


1 7 


! B- 


; O 




1 


V 


Source 


- 


Reports on radia- 
tor experiments 
by the Vienna 
Engine Works 


] 


2 


V 


rSxperimental number 
\ of the source 






...•8 


8 




3 


V 


/Source ajid type of 
1 radiator 




Daiffller , V 
300 ram deep 




4 


V 


fOutside- dimensions of 
1 radiator h x b x I 


mm 


283 


X 480 % 300 




5 


V 


Frontal area b x h 


xt? 




0.1358 




6 


V 


rlTumb e r , c r o s s - s e c t i o n 
\ and length of tubes 


mm 


2970 


X 5.6- X 5.6 
X 300 




7 


V 


Thickness of wall 


mm 




0.2 








R 




iiUii 




5.6 






9 


V 


/Total free cross-section 
] of air intake 


m2 




0.0933 




10 


V 


rTotal free croi^s-section 
] of inne'r air passages 


m^ 




0.0933 




11 


V 


/Total. free cross-section 
i of air outlet F^^ 


mr* 




0.0933 




12 


R 


TAir permeability at in- 
1 take »e ^ |f , 


- 




0.686 








(Air permeability within 












13 


R 








0.685 








rAir permeability at outlet 












14 


R 


^ Fet 






0.686 
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TABLE I (Cont.) 
Experimental and Calculated Da.ta. 



No. 


1 


2 


3 


7 


1 

! 8 


1 

i 9 




15 


V 


/Inner surface of tubes 
\ in contact with water 










16 


V 


/Inner surface of tubes, 
\ not in contact with water 


V? 




10.00 




1 ( 


•xr 
V 


Surface of jacket 






0.458 




18 


V 


Broad strips of frontal . 
\ surface - width: area 


mrn/nP 




2/0.0595 




19 


V 


jKarrow strips of frontal 
\ surface - width: area 


rm/v? 




1/0.026 




20 


V 


/Total cooling surface 
\ (not reduced) 






20.6 






21 


V 


/-Free cross-sections of 
j water passages (maxi- 

( mum) 


ram 


. 64 


X 1.5 


X 290 




22 


R 


jEquivalent diameter of 
i water T)assae:es d.^ 


mm 




O • 






23 
















24 


V 


Barometer reading 


mm Hg 


743.6 


743.6 


743 




25 


V 


^Temperature' of inflowing 




25.3 


25.3 


20.4 




.26 


V 


rTemperature of inflowing 
\ wat er ttsrw 




73.2 


74.9 


73.0 




27 


V 


jDifference in inflow temp- 
1 erature . tjjQ - t^j; 


°0 


47.9 


49.6 


52.6 




28 


R 


1/2 (t^^j, + t^s) 


OC 


49.2 


50.1 


46.7 




29 


V 


/Density of inflowing 
1 air 7 


kg/irP 


1.155 


1.155 


1.170 




30 
















31 


7 


jAir velocity before radi- 
i ator Wf 


m/ s 


38.9 


32.75 


25.85 
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TABLE I (Oont.) 
Experimental and Calculated Data 



No. 


1 


2 


3 


7 


8 


9 


32 


7 


jilir velocity DenincL 
i radiator . 


m/ s 


16.1 


13.6 


.10.8 


33 


V 


jjiieaii air velocity m 
\ the tubes Wy 


m/ s 


23.4 


19.8 


] 15.75 


34 


R 


<Mean air velocity in 
; biie uuues, caicuiaxeci 
) from eq. 3, 3a and 3b 


m/s 


21.6 


18.1 


14; 5 


35 


R 




- 


92.3 


91.4 


92., 1 


36 


R 


(Coefficient of heat 
\ transmission for air, 
( inner surface o-j^i 


kg-cal/m^/h/gr 


95.4 


83.0 


70=. 0 " 


37 


R 


jReduction factor for 
( uOT/et inner surface 9 




0.992 


0.993 


0.994 


38 


R 


lArea of reduced inner 
1 surface 




19.90 


19.92 


19.96 


39 


R 


(Coefficient of heat 
\ transmission, jacket 
(surface ccj^g 


kg-cal/m^/h/gr. 


106.5 


93.0 


80.0 


40 


R 


/Coefficient of heat 
\ transmission, for 
1 broad strips of 
C frontal surface 00^3 


kg-cal/ra^/h/gr 


287 


260 


24-0 


41 


R 


(Coefficient of heat 
\ transmission, for nar- 
j row strips of frontal 
surface 0.1^4^ 


kg-cal/m^/h/gr 


418 


390 


380 


42 


R 


(Mean coefficient of 
) heat transmission for 

I air CL-i = -Yf 


kg-cal/m^/h/gr 


96.2 


83.7 


70.8 


43 


R 


fMean wall temperature 




67.3 


68.8 


67.9 
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TABLE I- (Cont.) 
Expofimcntal and Calculated Data- 



No. 


1 


2 


3 


7 


8 


9 










'Mean temperature of 












44 


R 




iTiarginal water 

) ti+tw. 
I layer g 

Mean coefficient of 






- 


- 




45 


R 




1 heat transmission 

for water from 
^ eq. 35 and 29 Ojj 


kg-cal/ra^/h/gr 


767 


769 


804 








fDitto according to 












46 


V-P 


1 


cq. 37 from expor- 
^ imcnts ocy^ 


V p*— T / Tn^ / h / 










ft ( 




\ 


liean coefficient of 
^ heat transmission k 


Kg— oajL/ ar / a/ gr 


< I *o 


b9.o 


DU.O 




48 


R 




k F 




' 159.2 


1430 


1233 




49 


R 


j'Water equivalent of 
( the water M 


kg/h 


3850 


3820 


4180 




50 


R 


-< 


'Density of air at 


kg/m3 


1.071 


1.070 


1.075 




51 


R 


(Mean density of air 


kg/ 


1*113 


1.105 


1.115 




52 


T 




Velocity of water VA-^ 


mm/ s 


36.1 


34.8 


38.1 




53 


R 


jv/ater equivalent of 

\ the air m 


kg/h 


2023 


1798 


1354 




54 


R 




kF 

?..T 




0.414 


0.S74 


0.295 




DD 


n 




m 






U.795 


0.912 




56 


R 




Kn 




0.259 


0.236 


0.190 




57 


R 








0.256 


0.234 


0.138 
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TABLE I. 

Experincntal and Go^lculated Data. 



WO • 


1 


2 


3 


7 


8 


9 




58 


R 


rTotol transmitted 
( hc^.t, calculated 

( Qk 


kg-cal/h 


47300 


44300 


41400 




59 


V 


/Total transmitted 
\ hcat^ by experi- • 
( ncnt Qy 


Icg-cal/h 


45700 


42450 


38000 




SO 


in 






103.5 


104.5 


109.0 





V stands for "Vcrsuch" (experiment;) 



R " "• "Reohnung" (calculation) 
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TABLE I (Cont.) 
Experimental and Calculatcici. Data. 



No. 



1 

2 



4 

5 

6 

7 
8 

9 
10 

11 
13 

13 
14 



V 
V 

V 

V 

V 

V 

V 
R 

V 
7 
V 



Source 

fSxperimental number 
\ of the source 

fource and type of 
radiator 



R 



outside dimensions of 
radiator h x b x I 



Frontal area b x h 

(miiib er , c r os s- s oc t ion 
a,nd length of tubes 

Thickness of wall 

Equivalent diameter d 

(Total free cross-section 
1 of air intake 

(Total free cross-section 
1 of inner air passages F^ 



fTot?.l free cross-section 



of air outlet F 



a 



'Air permeability at in- 
I take % = ff^ 

/Air permeability within 
^ ~ Fst 



rAir permeability at outlet 

m - Za 
1^ a - Fst 



rnm 

mm 

mm 
mm 

ms 
m2 
m8 



10 ! 11 



12 i 13 



Von Dobllioff, Inves- 
tigation of automo- 
biie radiators 



72 



73 



74 83 



Dr. Zimncrman.! in Lud- 
wlgsliaf en 

475 X 494 X 100 (with 
flanges 500x500x100) 

0.2347 

(4046 + 68/2) X 
X 7.6/7/7.6 X 100 

Estimated 0.15 

7.6/7/7.6 



0.185 



0.157 



0.185 



0.788 



0.669 



0.788 



M.. 

No 
15 

16 

17 
18 

19 
20 

21 

22 

23 
24 

25 

26 

27 
28 
29 
30 
31 
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TABLE I (Cont.) 
Experimental and Calculated Data- 



10 11 



12 



13 



Inner surface of tubes 
1 in contact with water 

rlnner surface of tubes, 
< not in contact with 

I water 

Surface of jacket 

firoad strips of frontal 
[ surface - widthJarea 

MaxTOvr strips of frontal 
\ surface - widthJarea 

/Total cooling surface 
i (not reduced). 

rFree cross-sections of . 
) vv'ater passages (maxi- 
( mum) 

jEquivclent diameter of 
I. v/2,ter passages d^ 



Barometer reading 

jTempera,ture of inflowing 
\air- t^E 

/Temperature of inflowing 
\ water t^^ 

/Difference in inflow temp- 
\ orature tHO - ^LE 

h (%E + *LE^ 

/Density of inflowing 
t air 7 



mm/m^ 
mm/ m^ 



m^ 



mm 



mm 



Air velocity before radi- 
\ ator Wf 



mm. Hg 

kg/m3 
m/s 



9.073 



0.095 
0.092 

0.092 

9.26 

492 X 86 



Assumed 760 



19.3 21.9 19.3 20.2 



51.3 



32.0 



87.3 



65.4 



35. 3i 54.6 



92.1 



•72.8 



55.7 



92.5 



70 % 



55.3 



1.205 

(assumed at 760 inm Hg 
and 20°0) 



17.0 



17.0 17.0 13.0 
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TABLE I -(ContO 
Expcriuicntal and Calculated Data 



No. 


1 


2 


3 


10 


11 


12 


13 


32 


V 


jA.ir velocity behind 
1 radiator V/f 


m/ s 


10.2 


10.2 


10.2 


7.6 


33 


V 


Mean air velocity in 
1 the tubes V/y 


ni/s 


15.2 


15.2 


15.2 


11.4 


34 


R 


^Mea,n air velocity 
) in the tubes, cal- 
culated from eq. 3, 
I 3.a, and 3b Wj^ 


m/s 


15.0 


15.0 


15.0 


11.4 


35 


R 


100 'Ih 

Wv 


— 


98.9 


98.8 


98.8 


100.0 


36 


R 


fCoB'^ f ic^ ent of heat 
\ transmission for 
{air, inner surface 


kg-cal/if/h/gr 


7&.1 


74.0 


73.4 


59.4 


37 


R 


Reduction factor for 
1 unwet inner surface G 




1.0 


1.0 


1.0 


1.0 


30, 


R 


^lArea of reduced in- 
\ ner surface 


rap 


9.073 


9.073 


9.073 


9.073 


39 

• 


R 


/Coefficient of heat 
i transmission, 
1 jacLut SUrf^ioG 


kg-cal/nf/h/ gr 


56.0 


56.0 


56.0 


41.0 


40 


B 


/Coefficient of neat 
\ transmission^ for 
{ broa^d strips of 
[ frontal surface 


kg-ca,l/R^h/ gr 


76.5 


74.0 


74.0 


59.4 


41 


R 


/Coeff ici ent. of heat 
\ transmission for 
^. narrow strips of 
frontal surface di^/i 


kg-cal/n^h/gi 


76.6 


74.0 


74.0 


59 .4 


42 


R 


/Mean coefficient of 
) heat transmission 
1 for air a. ~ IQL 


Icg-cal/if/h/gr 


76.8 


73.6 


73.1 


59.0 


43 


R 

! 


fHean wall tenipera- 
\ ture tj_ 




38.3 


54.0 


74.2 


71.3 



N.A 

No. 

44 

45 

46 

47 
48 
49 

50 

51 
53 

53 

54 

55 
56 
57 
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TABLE I (Cont.) 
Experimental and Calculated Data. 







1 

J. X 




40.7 


58.3 


kg-cal/i^h/gr 


215 


213 


kg-cal/of h/ gr 


259 


213 


kg-cal/irf h/gr 


56.6 


56.3 




524 


522 




709 


400 




1. 145 


1.086 


kg/n? 


1.162 


1.136 


mm/ s 


4.66 


2.63 ' 


kg/h 


2390 • 


2340 




0.740 


1.305 




0.220 


0.223 




0.500 


0.740 




0.483 


0.687 



12 



fMcan tenperaturo of 
mrginal water 
ti+tw 



laver 



2 



rMean coefficient of 
\ heat transmission 
' for water from 
, cq. 25 and 29 Ojj 

/Ditto according to ■ 
) eq. 27 from exper- 
I iments a^^y 

/Mean coefficient of 
) heat transmission 

\k 

k F 



/Water equivalent of 
\ the water M 

fDensity of air at 
1. i (■tLE+"'^WE) 



Mean^ density of air 
at I (^LE+tLA^ 

(Velocity of water 

(Water equivalent of 
\ the air ra 

M 

kF 
m 

^n . 
% 



79.1 

334 

367 

60.5 

560 
2000 

1.070 

1.090 

13.15 

2245 

0.280 

0.250 
0.221 
0.220 
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TABLE I (Gont.) 
Experimental and Calculated Data- 



No. 


1 


2 


3 


10 


11 


12 


13 


58 


R 


(Total transnitted 
) heat, calculated 


kg-cal/h 


10980 


17980 


32000 


25800 


59 


Y. 


rTotal transnitted 
1 heat, by experi- 
(. ncnt Qy 


kg-cal/h 


11500 


18800 


324Q0 


25600 


60 


R 


100 




95.4 


95.5 


98.8 


100.8 



V stands for "Vcrsuch" ( C2q)erimcnt) 



R " "Rcchnung" (calculation) 
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TABLE I (ContO 
Expcrincntal and CLilculatcd Data- 



3 



14 



15 



16 



17 



V 
V 

V 
V 
V 

V 

R 



V 



V 



R 



R 



Source 

jExperinental number 
i of the source 

/Source o-nd type of 
\ radiator 

rOutside dirncnsions of 
[ radiator h x "b x I 

Frontal area b x h 

jNunib cr , c r o s s- 8 ec t i on 
1 and length of tubes 

Thickness of wall 

Equivalent diameter d 

/Total free cross-section 
i of air intake Fq 

Total free cross-section 
of inner air passages 

jTotal free cross-section 
1 of air outlet F^^ 



'Air permeability at in- 

take 9e = ff^ 

Air permeability v/ithin 
Fi 



■st 



['Air permeability at out- 
- lot <Pa = ftt 



mm 

im 

mm 

mm 

Tip 



2 



Von Doblhoff , Inves- 
tigation of autono- 
bilc radiators 



39 47 



58 



58 



Dr. Z inncrniam in Lud- 
wigshaf en 

475 X 494 X 100('vTith 
flanges 500X500X100) 

0.2347 

(4046 + 68/2) X 
X 7.6/7/7.6 X 100 

Estimated 0.15 
7.6/7/7.6 

0.185 



0.157 

0.185 
0.788 

0.669 
0.788 
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■ TABLE I ( Cont . ) 
Experimental and Calculated Data. 



No. 


.1 


2 


3 


.,„, 

14 


1 

15 


! 16 


17 


15 


V 


jinner surface of tubes 
1 in contact with v/ater 


! 




9. 


073 


• 


16 


V 


rinner surface of tubes 
\ not in contact with 
I water 










1 


17 


V 


Surface of jacket 






0.095 


1 


18 


IT 


jBroad strips of frontal 
I surface - width {area 






• 

0.092 




19 


V 


/Narrow strips of frontal 
1 surface - width: area 






0.092 




20 


V 


jiUTiai cooimg suriacs 
\ (not reduced) 






9.26 




21 


V 


rFree cross-sections of 
1 water passages (niaxi- 
^ mm) 


m 




492 


X 88 




22 
23 


H 


Equivalent diameter of 
1 'ivater passages d^ 












24 


V 


Baromet er reading 


era Kg 


Assumed 760 


25 


V 


(J. Qxiiperaxure oi mixowing 
1 air t^E 


OC 


20.0 


19.4 


19.8 


20.1 


28 


V 


iTenperature of inflowing 
1 water tr/p 




63.7 


50.8 


63.2 


94.0 ■ 


27 


V 


(Difference in inflow tcnip- 
^ crature t-^o - tj^g 




43.7 


31.4 


43.4 


73.9 


28 


n. 






41.9 


35.1 


41.5 

1 


57.0 


29 
30 


V 


jDcnsity of inflowing 

1 air 7 


kg/^ra3 ^ 


[Assur. 
a 


1.30:: 
:cd at 760 
,nd 20^0) 


Sim Hg 


31 


V ■ 


/Air velocity before radi- 
! ator 


n/"8 


13.0 


13:0 


9.0 


9.0 
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No 



38 
33 

34 
35 
36 

37 
38 

39 



40 



41 



42 



43 



V 



TABLE I (Cont.) 
Experimental and Calculated Data. 



Air velocity behind 
radiator \U 



R 



jMean air velocity 
t in the tubes Wi 



V 

^Mean air velocity 
in the tubes, cal- 
culated from eq.3, 
3a, and 3b Wj^ 

R.: 100 ^ 
Wv 

Coefficient of heat 
transmission for 
air, inner surface 
^Ll 



R 



R 



R 



R 



R 



R 



R 



/Reduction factor for 
\ ^nwet inner surface 

^'Area of reduced in- 
i ner surface 

i^Co efficient of heat 
transmise^ion, . 
J-.c!:ot" slirfaco 



f Co efficient of heat 
transmission, for 
broad strips of 
frontal surface ccj^3 

^Coefficient of heat 
transmission for 
narrovr strips of 
frontal surface cxj^^ 

^Mean coefficient of 
' heat transmission 
^ for air = ZaF 



m/s 
ra/s 

m/3 



•cal/tnVh/gr 



14 



kg-cal/ms/h/gr 



kg- 



■cal/m^/h/gr 



Mean wall 
ture t,- 



Z F 
tempera- 



kg-cal/m^/h/gr 
kg-cal/m^/h/gr 



7.6 
11.4 

11.4 
100.0 
50.9 

1.0 
9.073 

41.0 



60.9 
60.9. 

48.8 



15 



5.0 



7.5 



7.7 



102. 5 



44.8 



1.0 



9.073 



34.3 



16 



17 



5.0 



7.5 



7.7 



102.5 



44.7 



1.0 



3.9 



4.2 



10.7. 5 



26.8 



1.0 



44.8 



44.2 



9.073 



34.3 



44.7 



44.7 



9.073 



22.3- 



44.7 4^,% 



44- .-9 



4- 



26.8 



26.8 



2S.7 



84.6 
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TABLE I (Cont.) 

Experimental and Calculated Data. 



— 1 

No. 


1 


2 


3 


14 


15 


16 


17 


44 


R 


/■Mean terffperature of 
] marginal water 

I layer -V^ 




51.8 


46.7 


49.0 


87.6 


45 


R 


/•Mean coefficient of 

t In AH "h t T*n Ti Pirn i <^ on 

\ for vjate.r from 
( eq. 25 and 29 ^ 


kg-cal/m^/h/ gr 


233 


281 


302 


350 


46 


V-E 


(Ditto according to 
; eq. 27 from exper- 
1 iments ^ wv 


kg-cal/m^/h/ gr 


262 


284 


233 


- 


A n 


n 


/Mean coefficient of 

I HeaTj b Id/Ii SIuX Sb iUIi 

1 k 


V rr«.- 1 / / "h / a*T 


48. 1 


38 . 5 


36.6 


24-6 


AO. 








44 S 


357 


339 


228 

fcJ t-J w 




R 


Abater equivalent of 
1 the v/at er ' M 


lcs:/h 


768 


2000 


400 


2000 


50 


R 


[Density of air at 
I 2 V t.LE+t^^g; 




1.120 


1.145 


1 • 123 


1.070 


51 


R 


(Mean density of air 
i. at ^ (t^E+^LA^ 




1*130 


1.150 


1.130 


1.155 


52 


V. 


/Velocity of v;ater 


ram/ s 


5.05 


13.15 


2.63 


13.15 


53 


R 


jTf/ater equivalent of 
\ the air m 


kg/h 


1753 


1210 


1185 


666 


54 


R 


M 




0.592 


0.178 


0.848 


0.114 


55 


R 


kF 
m 




0.254 


0.295 


.0.286 


0.342. 


56 


R 


Kn 




0.416 


0.144 


0.541 


0.092E 


57 


R 


% 

i 




0.408 


0.143 


0.524 


0.092t 
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TABLE I (Cont.) 
Experimental and Calculated Data- 



Ko. 


1 


2 


3 


14 


15 


16 


17 


58 


R 


/Total transmitted 
) heat, calculated 


kg-cal/h 


13730 


8990 


9100 


13700 


59 


V- 


rTotal transmitted 
) heat, "by experi- 
t ment Qy 


kg-cal/li 


13830 


9000 


9480 


14200 


60 


R 


100 §K 




99.4 


99.9 


97.1 


96.5 



y stands for "Versuch" (experiment) 



R " " "Rechnung" (calculation) 
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TABLE I (Cent.) 

Experimental and Calculated Data* 



18 



19 



20 



V 

V 

V 
V 
V 

V 

R 

V 

V 



R 



R 



Source 

jExperirnental number 
i of the source 

rSource and type of 
\ radiator 

f Outside dimensions of 
1 radiator h x t x I 

Frontal area b x h 

J Numb er, cross-section 
t and length of tubes 

Thickness of wall 

Equiv^Llent diameter d 

/Total free cross-section 
I. of air intake Fg 

/-Total free cross-section 
] of inner air passages 



(Total free cross-section 
\ of air outlet F^^ 

Air permeability at in- 
Fe 

take 9^ = 
rAir permeability within 

/'Air pemeability at out- 



I- 



a 



let <P„ = ^ 



mm 

m2 

mm 

mm 

mm 

m8 

m2 



Von Doblhoff , Inves- 
tigation of autopio- 
bile radiators 



65 



79 



76 



Dr, Zimmermann in Lud- 
wigshaf en 

475 X 494 X 100 {with 
flanges 500X500X100) 

0.3347 

(4046 + 68/2) X 
X 7.6/7/7.6 X 100 

Estimted 0.15 

7.6/7/7.6 



0.185 



Fst 



0.157 



0.185 



0.788 



0.669 



0.738 



•N.. 

No 
15 

16 

17 
18 

19 

20 

21 

22 

23 
24 

25 

26 

27 

28 

29 
30 

31 
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■ TABLE I (Cont-. ) 
Experimental anii Co-lculatcd .Data. 



2 



18 



19 . 



20 



Inner surface of tubes 
/in contact with water 

Inner surface of tubes 
not in contact with 
water " 

Surface of jacket 

Broad strips of fron-tal 
surface - width: area 

tdarrow strips of frontal 
surface - widtljJarea 

rotal cooling surface 
(not reduced) 

Free cross- sect ions of 
water passages (laaxi- 
mum) 

Equivalent diameter of 
water passages d^^ 



Barometer reading 
remperature of inflowing 



air 



'LE 



m2 

mm/ 
am/ rrF 

ram 
mm 

m Hg 



• emperature of inflowing 
wat er t^j, 

)ifference in inflow temp- 



erature t 



HC 



- t 



LE 



r (t^Yg - trp) 



)ensity of inflov/ing 
air 7 



Lir velocity before radi- 
ator W^:- 



kg/m® 
ra/ s 



9.073 



0.095 

0.092 

0.092 
9.26 

492 X 86 



Assumed" 760 



20.5 



86.9 



66.4 



53.7 



20.4 



95.5 



75.1 



57.9 



20.0 

60.3 

40.3 
40.2 



. 1.205 

(Assumed at 760 :'.im 
Hg and 20°C) 

5.0| 2.5| 2.5 
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TABLE I (Cont.) 
Experimental and Calculated Data. 



No . 


1 


1 


3 


18 


19 


20 


32 


V 


jAir velocity behind 
1 radiator 


m/ s 


2.6 


1.12 


1-31 


33 


V 


j-Mean air velocity 
[ in the tubes Wy 


m/s . 


3.9 


1.68 


1.81 


34 


R 


rHean air x^elocity 
j m tne tUD OS , cal— 
) culated frorr} eq* 3, 
t 3 a and 3b TSfj^ 


Til/ s 


4.2 


2.0 


3.0 


35 


R 


100 IlK 

/Coefficient of heat 
) transmission for 

air, inner surface 
L^Ll 




107.5 


119.0 


110.0 


36 


R 


kg-ca^l/in^/h/gr 


26.8 


15.3 


15.3 


37 


R 


reduction factor for 
I unwet inner surface 
I 6 




1.0 


1.0 


1.0 


38 


H 


j-Area of reduced in- 
i ner surface 


til 




Q 07 

Z? • \J ( o 


3 • W 1 O 


39 


R 


i^Go efficient of heat 
i transmission, jack- 
{ et surface a^g 


kg-cal/mVh/ gr 


22.2 


13.0 


13.0 


40 


R 


/Coefficient of heat 
I transmission for 
) broad strips of 
( frontal surface aj^3 


kg-cal/m^/h/gr 


26.8 


15.3 


15.3 


41 


K 


j^Co efficient of heat 
1 transmission for 
j na,rro\7 strips of 
frontal surface o^a 


kg-cal/m^/h/ gr 


26.8 


15.3 


15.3 


42 
43 


R 
R 


rllean coefficient of 
\ heat transmission 
I for air ar „ Z2l. 

L - V F 

fMean v/all tenipera- 
1 t^are tj^ 


kg-cal/mVh/ gr 


28.7 
63.0 


15.3 
90.5 


15.3 
55.0 
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TABLE I (ContO 
Experimental and Calculated* Data. 



No. 


1 


2 


3 


18 


19 


20 


44 


R 


^Mean temperature of 
j inarginal water 

V layer g 




65.3 


91.8 


57.0 


45 


n. 


/-Hean coefficient of 
I heat transmission 
1 for water from. 
(, cq* 25 and 29 Ojj 


kg- c al/ m^ / h/ gr 


205 


354 


280 


46 


V-R 


rDitto according to 
< cq» 27 from exper- 
C iments ^v/y- 


kg-cal/m^/h/gr 








47 


R 


/^Mean coefficient of 
-s heat trans mi ss T on 
I k 


kec— cal/ ni^ / h/ pt • 






1 ^. R 
X * • o 


48 


R 


k F 




21 7 




xo * • \J 


49 


R 


jV/ater equivalent of 

\ the v;ater M 


kg/h 


250 


2000 


1500 


50 


R 


(Density of air at 
I 2 vtL2 + t^^; 


kg/h 


1.080 


1.068 


1.130 


51 


R 


rHean density of air 
\ at 2- ^ ■''LA'. 




1.173 


1.135 


1.170 


52 


If 


/Velocity of water 
I % 


mra/ s 


1.64 


13.15 


9.43. 


53 


R 


(Water equivalent of 
\ the air m 


kg/h 


676 


312 


322 


54 


R 


kF 
M 




0.868 


0.0673 0.,0892 


55 


R 


kF 
m 




0.321 


0.431 


0.416 


56 


R 






0..544 


0.054 


0.0715 


57 


R 


% 




0.526 


0.054 


0.0712 
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TABLE I (Cont.) 
Experimental and Calculated Data- 



No. 


1 


2 


3 


18 


19 


20 


bo 


K 


(-Total transmitted 
) lieat^ calculated 


kg-cal/h 


8750 


8110 


4320 


59 


V 


rTotal transmitted 
I heat^ by experi- 
( ment Qy 


kg-cal/h 


9500 


9600 


5400 


60 


R 


100 

Qv 




98.1 


84.5 


80.2 



V stands for "Versuch" (experiment) 
R " " "Rechnung" (calculation) 
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c) Table I Here a large number of foreign experiments, is 
compared v/ith the values calculated directly from the dimensions, 
the velocity of the air in front of the radiator, the quantity 
of cooling water and the temperature of the inflowing water, 
whereby the applicability of the process of calculation is 
demonstrated throughout. 

The values taken directly from the experimental results or 
obtained from them by simple calculations are denoted by "V" 
and the values obtained from the above-devolved process of cal- 
culation are denoted by "R.l^' 

The calculated velocity of the air in, the tubes, which has 
the greatest effect on the heat transmission, agrees very well 
with the experimental values up to 4 m/ s (corresponding to 
about 5 m/s in front of the radiator according to Doblhof f ) . 
Below this limit, , which corresponds to tke critical velocity in 
the 7 mm tubes, the calculation also gives fairly accurate val- 
ues for the Zimmermann radiator, as is indeed to be expected 
from the shortness of the distance for the transition from the 
vortical to the laminar flow.. Still the formulas should be ap- 
plied only with caution to very deep radiators (over 150 mm), 
v/hen W is. less than 4. 

Probably the measured values of these small velocities are 
affected by the errors under consideration, v/horefore Doblhof f 
did not take up, in his report, the heat proceeding from the 
temperature and velocity of the air in the experiments v/ith 
3 . 5 m/ s . 
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The calculated values of the transmitted lieat r.groo very 
well, almost all the my through, \7ith the experimental values. 
They must "be somewhat smller than' the values determined fron 
the quantity and temperature of the cooling water, and indeed 
by an amount (in of the transmitted heat), increasing with 
decreasing air velocity, which represents the radiated portion. 
Even here the calculated results agree, in general, with the ' 
experimental results." 

Greater differences occur, in comparison with Doblhoff's 

* 

experiments at a speed of 2.5 m/s, which is quite comprehensi- 
ble from what has been said and with the Daimler radiator of 
300 ram depth. Here great differences are also manifested be- 
tween the directly calculated coefficients of heat transmission 
for water and those obtained from experiments with the help of 
the coefficient of heat transmission for air, though they agree 
very well ordinarily. 1 ascribe these differences to the un- 
equal water velocities in the individual passages, due to the 
great depth of the radiator*. No positive explanation, however, 
is now possible, but even here the greatest difference between 
the calculated and experimental results is only 9^. 

For rough calculations, it will suffice to add the frontal 
area and possibly also the jacket surface to the inside surface 
of the tubes and calculate throughout with the coefficient of 
heat transmission for air in the tube-. Even the effect of in- 
termediate cooling, as likewise the radiation, can be disre- 
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garded without important error, especially as these partially 
offset one another. On the other hand, it seems entirely inad- 
missible to put the coefficient of heat transmission for water 
so high, as was done throughout (after having boon begun by 
Doblhoff) in the literature on the subject, without considering 
the velocity of the water, since the error can be very large, 
especially with high air velocities and low water velocities. 

EFFECT OF DIMENSIONS AND v^QEKING CONDITIONS 
ON THE HEAT EXCHANGE . 

Since it is not easy, with the aid of the equations alone, 
to determine how the cooling process is affected by the shape 
of the cross- sect ion and the dimensions of the tubes and of 
the radiator core, the velocity of the air, the quantity .of the 
water, the entrance temperatures of the air and water and the 
density of the air, thcBc influences must be systematically 
and thoroughly investigated, but with limitation of the heat 
exchange to the walls of the tubes, since- the consideration of. 
the frontal and lateral surfaces of the shell would make the. 
determination difficult, while their share in the heat trans- 
mission, as was explained above, would be relatively small in 
comparison with the inner surfaces of the tubes and could J) e 
easily allowed for subsequently. The small amount of heat lost 
by radiation will also be here disregarded* 
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1. Cross-sectional shape of the tubes -- According to the 
principal equations (4a), (15), (17), (18a) and (25), the heat 
exchange (with constant frontal and cooling surfaces, depth of 
core, and velocity of water and air) depends only on the equiv- 
alent diameter of the tubes 

d = if (1) 

u . 

and on the air permeability <P . • If we previously put 9 = 1, 
which presupposes very thin walls to the tubes and very small 
water cross-sections and a frontal area completely filled by 
the tubular cross-sections, it then follows that radiators 
with like frontal areas and depth of core and having the same 
ratio of frontal area to cooling surface are equivalent. 

For n tubes, the frontal area cooling 
area in contact with the air F = nul follows from equation 

in v/hich I remains unchanged^ according to the assumption. 
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TABLE III^ 

Conrparison of Thin-Walled Tubes of Various Sizes and Cross- 
Sectional Shapes v/ith Square Tubes 6X6 mm^. 

Frontal surface of block Fg^ ^ 1 'crP 

Length of tubes I = 100 liim 
Cooling surface F = 68.77 









0.6 


1.0 


1.5 


2.0. 


da 




mm 


13.95 


10.2 


12.75 


14.28 


da 




mm 


19.9 


10,2 


8.5 


7. .64 


Equivalent diameter 


d 


mm 


6.0 


6.0 


6.0 


6.0 


Number of tubes per 


n 




15200 


21750 


19600 


17450 


Cross-sectional area of 
one tube 


fst 


maP 


65.8 


46.2 


51.0 


57.0 


Cooling surface, of one tube 


f 


ram's 


4380 


3060 


3400 


3820 


Air permeability 9^ = 


n fst 




1.0 


1.0 


1.0 


1..0 


Fst 
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TABLE III (Cont.) 

Comparison of Thin-Walled Tubes of Various Sizes and Cross- 
Sectional Shapes with Squa re Tubes 8X6 mm^ . 

Length of tubes I = 100 k 



m 



Frontal surf coo of block 

^^st = ^- 
Cooling surface F = 65.77 



/r 



d2 









0.2 


0.5 


1.0 


1.5 


2.0 






ima 
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TABLE III (Cont.) 
Comparison of Thin-Walled Tubes of Various Sizes and Cross- 
Sectional Shapes with Square Tubes 6x6 mm^. 

Cooling surface F = 66.77 ra^ 
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TABLE III (Cont.) 
Comparison of Thin-Wallcd Tubes of Various Sizes and Cross- 
Sectional Shapes with Square Tubes 5x6 mm^. 



Frontcl surfr.cc of block Fg^ 
Length of tubes I = 100 nn 
Cooling surface F = 66.77 



= 1 




di/ds 

da • 
de 

Equivalent diameter 

Number of tubes per m^ 

Cross- sectional area of- 
one tube 

Cooling surface of one tube 

Air permeability cp^ 



d 
n 

^st 

f 

Fst 



mi 
ram 
mm 



mnP 
mm^ 



3 . 464 

6.0 

32100 

31.2 

2028 
1.0 



4.72 

4.72 

45000 

17.5 

1483 
0.7854 



5.44 

5.44 

38800 

23,24 

1709 
0.905 



Table III contains, for tubes of various cross- sectional 
shapes which satisfy equation (la) and are equivalent to square 
tubes, 6 mm square, the widths of the sides, the cross- sectional 
areas, the perimeters and number of tubes per 1 of frontal 
area. For CQinparison, the same data were calculated for equiv- 
alent circular cross-sections with quadratic and rhombic distri- 
bution of the central points. The greatest air permeability 
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(for very thin v/alls and very narro\7 water passages), however, 
is here only 

cp = 0.7854 vjith quadratic distribution of the central points, 
q> = 0.905 " rhombic " " " " 

It is therefore considerably less favorable than v/ith surface- 
filling, straight-sided cross-sections having the quantity of 
material which is characterized by the area of the cooling sur- 
face for 100 mm depth of core for all cross-sections. 

F = n u 1 = 66.67 m^ 

Since, for the regular cross-sectional shapes of the tubes (tri- 
angle, square, hexagon, circle), the greatest number of tubes . 
occurs and the work and consumption of solder generally in- 
crease with the number of tubes, these shapes also necessitate 
the grea^test production cost of the core for an equal cooling 
effect. 

In order to show the effect of the wall ihlckness a/2 
(ordinarily 0.1 - 0.2 mm) and of the width of the water pas- 
sages 0^,; (usually 1-2.5 mm). Fig. 7 represents the transmit- 
ted heat for rectangular cross-sections, vertical water passage 
and a constant ratio Fg^/F, with the ratio of the sides 
di/ds =0.2-3 and in comparison with square tubes of 6 x 6 
mm^ cross-section at an air velocity = 10 m/s. 

Fst = 1 F = 44.486 m^, a/2 = 0.15 mm, a^/ = 2 mm 

(Fig. 5), soldered joint g = 0.2 mm and the depth of the solder 
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on the frontal surface (5 mm) here remain unchanged, so that the 
water cross-sections are 90 rm long. The water equivalent of 
the passing water M = 10000 kg/h; the temperature of the in- 
floViTing \7ater t^.yg = 60^0; the temperature of the inflov/ing air 
t^g = 20^'^C; the density of the inflowing air 7^ = 1.2 kg/m^. 
In equations (4b) and (l8a), - 1-122- was put as the mean 
density of the air, corresponding to a mean teniperature of 40^0* 
The water equivalent of the passing air m was calculated for 
equations (13) and (16) from its density at the true mean exit 
temperature. 

The effect of the intermediately cooled coils was deter- 
mined by multiplication of the intermediately cooled surfaces 
in contact with the air F^^i by the correction factor 9 
(Fig- 6) with \= 100 kg-^cal/m/h/^C The effect of the cross 
current v;as calculated according to equations (l6).and (l5a) 
and the difference between the cooling surfaces in contact with 
water a.nd air v;as calculated according to equation (l7). 

As shown by Fig. 7, even here the lav/ is approximately 
correct that radiators having the same frontal area and d'epth 
of core Y/ith the same ratio of frontal area to cooling surfo.ce 
are equiva^lent, but a maximum value for Q is nevertheless to 
be recognized, and indeed at a ratio d^/ds = about 0.6. This 
value of Q is about 1.5^ greater than for a core composed of 
square tubes. 

With greater values of d^/dg, the diminished air permea- 
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bility has a detrimental effect, v/hile at smaller values of 
di/dsj the diminished utilization of the intermediate cooled 
surfaces has a detrimental effect. Even here, however, the 
ratio Q/n, for approximately equal widths of the sides of the 
tubes, has a m in limim value, for which there corresponds a me.xi- 
mum value in work and solder consumption. 

The improvement in the cooling effect through the use of 
rectangular tubes, v/hose narrov/er sides are parallel to the ■ 
direction of the water flov/, with a ratio of the sides 
di/dg = 0. 5 - 0.8, is nevertheless \7orth noting, since it can 
be attained without any greater outlay in work or material. 

2. Size and length of the tu bes Figs. 8-10 show, for 
tubes of 3 - 15 m square (inside) and 25 - 500 nm long. (depth 
of core), v/ith vertical water passages and with an. air velocity 
of 10 m/s in front of the radiator, the air velocities in the 
tubes, the coefficients of heat transmission for air and water 
and the quantities of heat transmitted- Thereby there remain 
unchanged Fg^ = 1 x l m^, a/2 = 0.15 mm (Figs. 5 and ll), 

= 2 mm, g = 0.2 mm, M = 10000 kg/h, tv^^ = 60^0, " 
■^LE = 20 C, " kg/m3. 

The soldering of the frontal surfaces was assumed to be 
5 mm deep on both sides, so that the vrater compartm.ents had a 
depth of = I - 10. 

The number of tubes, air permeability, water-cooled and 
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air-cooled cooling surfaces are shov/n in Fig. 11 for a core 
100 ram deep. The effect bf the cross current and of the inter- 
mediate wall cooling and the difference between the cooling 
areas, in contact with the water and with the air, were consid- 
ered the same as in the first part of this report, and the air 
density = 1.123, corresponding to a mean temperature of 
40°0 was introduced into equations (4b) and (I8a). The density 
at the mean exit temperature of the air was used for calculat- 
ing the water equivalent m. 

The tables and diagrams demonstrate an important law, name- 
ly, that for a given frontal area, air velocity and water flow, 
the cooling effect can be increased only to a certain def rnite 
maximum by increasing the cooling area, either by lengthening 
the tubes or increasing their number' with a simultaneous corre- 
sponding reduction in their, size. The cooling effect is fur- 
ther diminished by any further increase in the cooling area, 
demonstrating that such increase is without value. Since, in 
the vicinity of the maximum value of the cooling effect, its 
increase or decrease is very slpw, any lengthening of the tubes 
or increasing their n\ambcr is uneconomical, even in a large 
region below this maximum of the Q-d- I area. 

With increasing length of the tubes and unchanged number 
of tubes (and consequently unchanged cross-section of each tube), 
the imxinium cooling effect and the flat course of the Q- I 
curve occur in their vicinity and indeed the maximum cooling 
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values for longer tubes also occur in larger cross-sections. 

A similar fact also holds true, v/ith an increasing nvirnbcr 
of tubes (decreasing cross-section) and unchanged length, for 
the Q-d curve. The maximum values of the codling effect also 
occur v/ith greater tube lengths and diameters.* 

The maxirmim cooling effect, even for greater tube lengths 
and numbers (smaller diameters), is produced by greater air 
velocities, though the difference is relatively small.- 

In order to make the relations clear, Fig. 12 shows the 
effect of the size and length of the tubes at an air velocity 
of 10 m/s in front of the radiator. 

These results agree very ?7ell with the experimental results 
of the Vienna Engine Works, v/hich show but very little greater 
cooling effect with airplane radiators of 300 mm depth than 
with those of 200 mm depth. These results also, accord very well 
with the fact that nearly all automobile radiators, designed on 
the basis of many years* experience, have tubes with cross- 
sectional areas of 20-70 mm^and cores seldom over 150 mm deep- 

5> The frontal sliane of the core of equal depth at all 
points, under like conditions in other respects (especially with 

* That maximum values for Q must occur with changeable d and 
I, can bo concluded directly from the fact that, with very 
small d, the cooling area is large and the air velocity in the 
tubes is very small, but that, at very large values of d, the 
air velocity is nearly equal to the velocity of the free air 
stream, though the cooling area is small. With a core of snail 
depth, the cooling surface is also small, but with a core of 
great depth, the air velocity in the tubes is sr/iall. In extreme 
cases, the quantity of transmitted heat is therefore small. 
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unchanged v/atcr velocity), has no influence on the cooling ef- 
fect. This can bo demonstrated in the following nanncr for 
shallow radiators in v/hich v/c niay assunc the mean air tempera- 
ture in each tube to be the arithiaet ical mean between the inflow 
and outflow temperature.* 

In a horizontal radiator section (Fig. 13) of the thiolcness 
A^, the temperature of the inflowing water is ttygj of the out- 
flowijig water, t^^; of the inflowing air, T^^; of the outflc\7- 
ing air t^js^; the water equivalent of the water flowing through 
per hour is M and of the air is 

Am = y A X (30) 

in which y is the width of the section and the water 

equivalent of the quantity of air flowing through a unit area 
per hour. The water enters the radiator .itself at the constant 
temperature T^yg. 

If f^ denotes the cooling area corresponding to 1 of 
.frontal area, then the cooling area, corresponding to the frontal 
area, of the radiator section, is 

A F - f 1 y A X (31) 

The following equations hold good for the heat AQ trans- 
mitted in the section A^ and for the heat Q transmitted in 

♦ Without this assumption, the calcu3,ation ^'?ould have had to be 
similar to that of Nuoselt in "Der Wamieubergang im Kreusstrom" 
already referred to. In my opinion, however, the result of the 
approximate calculation is more lucid- 
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the portion x of the core 

AQ = (tL^ - Hj^^)Lu 

AQ=1cAf( ^^^;^^^ -^^^;^^m| (32) 
'Whence + f if + I = + twA - 2 T^g 

r;e have 4| |4| ^ ^ M = 3 (T,,^ - T^^) (53) 

By introducing th'o vclucG for AF and c^ra fron equG,tiqns 
(30) o.nd (31) and disregarding tlio very small term A-q/H, as 
also by replacing the differences by diif crentisls, v/hich is 
possible v/ltli a fair degree of approximtion T7ith the usual rol 
atively large number of tubes, no obto-in 

2 I ^ ^ ^) ^ - ^ (^WE - Iie) = 0 (34) 

and, for the total transmitted heat J"- 

Q = M - Tle) 1 1 - c "'^"^^ M >y (35) 

.h 

Tne frontal area is represented by J ydx, regardless of 

o 

the relation of the -vidth y to Hence Q is also independ- 
ent of the shape of the frontal surface, although dependent on 
its size- Equation (35) is an approxi>Yiation between equations 
(13) and (l6) . 
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4. The mp:nltudc of the frontal area generally affects also 
the quantity and velocity of the 'rrator flov/ing through^ but not 
the coefficient of heat transnission for air. The vrater equiva- 
lent of the passing air is proportional to the frontal area and 
therefore kF/n is not changed in equation (13) by changing 
the frontal area. The effect of the trater velocity on the coef- 
ficient of heat transmission is relatively smll and depends 
also on the ratio of the sides of the radiator tubes. Since, 
as shovm by equation (13), it is further reduced by the sinul- 
taneous change in the numerator and denominator, it v;ill be 
J.isregarded in this section a,nd the coefficient of heat trans- 
nission k be regarded as constant. Increasing the cool- 

ing area can effect an increase, equality or decreo-se of the 
vrater resistance and of the total cross-section, of the Tj7ater 
passages a/nd hence simltane-'Usly a- corres;;Opnding change in 
quantity of vrater flo^jing through, so that the following cases 
mst be distinguishrd. 

a) The quantity of water flowing through increases in pro- 
portion to the frontal area. Since the water equivalent of the 

'•passing air is always proportional to' the frontal area (the 
other structural dimensions remaining unchanged), Kj^ (or Kjr). 
does not change according to equations (13) and (16) and the 
transraitted heat is likev/ise proportional to the quantity of 
water and hence also to the frontal area (Fig. 14)- 

b) The quantity of water of transmitted heat increase 
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fr.stor then the frontal r.roa. 

c) TliG quantity of v/ater and of transnitted heat increase 
slor;cr tlian the frontal area- 

A spccic!.l case is nhen the quantity of water remains con- 
sto/nt. For this case, the effect of chaiiging the frontal area 
on the cooling action is shovm. by Fig- 14 on the radiator with 
tubes having a cross-section 6x6 rnni^ and a length (depth of 
core) of jlOO rm, with an air velocity of 10 n/s and a quantity 
of water of M = 10000 Icg/h, Y/hereby the other relations cor- 
respond to the radia,tor mentioned in section 2. The heat trans- 
mitted per unit of frontal area decreases, in this case, as 
the frontal area is increased. If the quantity of water de- 
creases T;ith increasing frontal area, the effect on the trans- 
nitted heat is naturally increased. In any case, the character 
of the Q5^^ curve depends largely on the means employed for 
keeping the water in motion. 

5. The velocity of the air stream in front of the radiator 
has the greatest effect on the cooling action, as follows, from 
equations (4a), (16), (17), and (l8). 

Fig. 15 shows the effect of the air velocity in the case 
of the radiator with square tubes 6 x 8 mm2, lOO im depth of 
core, 1 m^ frontal area, 10000 kg/h of water and under the 
other conditions given in section 2. Likewise, Fig. 16 gives 
the customary, practical 'dimensions for square tubes in the log- 
arithmic scale. It shows that an approximation formula of the 
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form 

Q = A (36) 

cannot be established for square tubes with constant r, but 
that r can, nevertheless, be assumed constant for quite wide 
velocity ranges . 

Wf = 3 20 50 m/s 

r = 0.5 0.7 0.85 (about) 

This is facilitated by experiments with engine and radiator 
combined. 

6* The effect of the quantity of water flowing through 
(as shown by Fig. 17, for the square-tube radiator also taken 
as an example in the above section at 10 m/s air velocity in 
front of the radiator) is considerable for small quantities of 
water,, but grows continually less important with increasing" 
quantities of water, as ordinarily used in automobile radiators. 
With '^thermosyphon" radiators using only small quantities of 
water, we must therefore calculate on a diminished cooling 
effect. 

7. The effect of the air densit y in front of the radiator 
is shown by Fig. 18, for the above-described square-tube radi- 
ator with unchanged air velocity, quantity of air and tempera- 
ture of both air and water. The transmitted heat increases 
nearly in a direct proportion to the increasing density, allow- 
ance for which must be made in aircraft radiators (in which, how- 
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however, the low air temperature partially offsets the effect 
of the low air pressure) and in automobile radiators in elevated 
countries. 

8. The tempfiratuTfi s of the inflo wlnp ; air and watar , as 
shown by Figs. 19-20, for square-tube radiators at constant air 
velocity, air density and quantity of water, have but little 
effect on the characteristic Y.^, so that the transmitted heat 
under otherwise unchanged conditions is nearly proportional to 
the differences in the entrance temperatures. 

It could also be demonstrated that, with the known laws of 
fluid flow and heat transmission, the heat abstraction by tubu- 
lar radiators in an air current above the critical velocity 
can be very accurately calculated; that, for shprt-tube radia- 
tors, these laws apply approximately even at subcritical veloci- 
ties; that the radiation is small and that intermediately cooled 
areas of the practically occurring order of magnitude are al- 
most equivalent to the directly cooled areas. 

Although individiaal problems ( tha.t is, heat abstraction 
by deep radiators at small air velocities and the laws of heat 
transmission for water) require further elucidation through 
individual researches and although experimental confirmation of 
the results appears desirable, the characteristics of tubular 
radiators may, however, be thus satisfactorily determined, so 
far as requisite for practico.1 purposes. 
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A subsequent investigation will have to do with the problem 
of the best dimensions for a radiator, which will satisfactorily 
abstract the heat, with the snallest weight and minimum air re- 
sistance and at the lowest cost of production. 



Translation by Dwight 11. Miner, 
National Advisor^/ Committee 
for Aeronautics. 
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Figs..l,8,3,4 & 5; 
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Figs. 6, 7,8 & 9 
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Figs, 14, 15 & 16. 
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Figs.17.,18,19 & 20 
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